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We investigated human oculomotor behaviour in a Go–NoGo saccadic task in which the saccadic
response to a peripheral visual target was to be inhibited in a minority of trials (NoGo trials). Different
from classical experimental paradigms on the inhibitory control of intended actions, in our task the inhib-
itory cue was identical to the saccadic target (used in Go trials) in timing, location and shape—the only
difference being its colour. By analysing the latency and the metrics of saccades erroneously executed
after a NoGo instruction (NoGo-escapes), we observed a characteristic pattern of performance: ﬁrst,
we observed a decrease in the amplitude of NoGo-escapes with increasing latency; second, we revealed
a consistent population of long-latency small saccades opposite in direction to the NoGo cue; ﬁnally, we
found a strong side-speciﬁc inhibitory effect in terms of saccadic reaction times, on trials immediately
following a NoGo trial. In addition, we manipulated the readiness to initiate a saccade towards the visual
target, by introducing a probability bias in the random sequence of target locations. We found that the
capacity to inhibit the impending saccade was improved for the most likely target location, i.e. the con-
dition corresponding to the increased readiness for movement execution. Overall, our results challenge
the notion of a central inhibitory mechanism independent from movement preparation. More precisely,
they indicate that the two mechanisms (action preparation and action inhibition) interact dynamically,
possibly sharing spatially-speciﬁc mechanisms, and are similarly affected by particular contextual
manipulations.
 2008 Elsevier Ltd. All rights reserved.1. Introduction including the most automatic ones, i.e. the responses to a suddenWhen a new object appears suddenly in the periphery of the vi-
sual ﬁeld, a rapid, reﬂex-like saccade towards it is elicited.
Although such powerful oculomotor capture is exerted by the new-
ly appeared stimulus (Theeuwes, Kramer, Hahn, & Irwin, 1998),
several behavioural experiments have shown that this phenome-
non can be contrasted or modulated by the structure of the visual
scene as well as by higher level cognitive factors (Findlay &
Gilchrist, 2003; Walker, Deubel, Schneider, & Findlay, 1997).
The capacity to inhibit a given action is clearly a crucial trait of
intelligent behaviour. In the speciﬁc case of eye movements, a shift
of gaze toward the wrong location can lead to a substantial behav-
ioural cost, given the fact that vision is severely impaired during
saccades, that a relatively long time is needed to program a second
corrective saccade, and that our visual acuity is strongly reduced
outside the foveal region. As a result, saccadic eye movements,ll rights reserved.
fr (A. Montagnini).stimulus-onset, have been widely used as a simple sensorimotor
paradigm to study inhibition and decision making in the presence
of opposing tendencies, or different forms of conﬂict (see for exam-
ple Glimcher, 2003).
1.1. The experimental approach to action inhibition
The human ability to inhibit an intended saccade has been
addressed by several studies. Most of these studies are built
upon a now classical paradigm, the saccadic countermanding
or Stop-signal task, which has been used to test both non-human
primates (Hanes, Patterson, & Schall, 1998; Hanes & Schall,
1995; Paré & Hanes, 2003) and human observers (Akerfelt, Colo-
nius, & Diedrich, 2006; Colonius, Özyurt, & Arndt, 2001; Emeric
et al., 2007; Hanes & Carpenter, 1999; Özyurt, Colonius, & Arndt,
2003). The Stop-signal task allows one to investigate the ability
of an individual to suppress a previously instructed saccade
when, in a minority of trials, a Stop-instruction is presented after
a given delay.
Fig. 1. Horse-Race model scheme. A Go and a Stop signal race independently to the
execution threshold. The ﬁrst signal to cross the threshold determines the type of
action (saccade or ﬁxation in our case) to be executed and the latency of that action.
The latency of the inhibitory action (or Stop signal processing time, SSPt) is a non-
observable quantity.
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(smooth pursuit) has also been analysed with the same paradigm
(Kornylo, Dill, Saenz, & Krauzlis, 2003), leading to postulate the
existence of a common early inhibitory mechanism for the two
types of eye movements. Beyond oculomotor control, the Stop-sig-
nal task has been widely used to assess the inhibitory control of
different actions, like hand key presses (Logan & Cowan, 1984),
hand squeezes (DeJong, Coles, & Logan, 1995), or hand reaching
movements (Mirabella, Pani, Paré, & Ferraina, 2006). Moreover, dif-
ferent types of Stop signals have been employed (e.g. central versus
peripheral visual stimuli: Asrress & Carpenter, 2001), sometimes
involving different perceptual modalities (e.g. auditory: Cabel,
Armstrong, Reingold, & Munoz, 2000, or tactile: Akerfelt et al.,
2006). In addition, within the clinical context, the countermanding
task has been frequently used to probe the capacity to inhibit in-
tended actions of neurological and psychiatric patients (as re-
viewed by Boucher, Palmeri, Logan, & Schall, 2007), with a recent
remarkable focus, for example, on the impairments of action inhi-
bition observed in patients with attentional deﬁcits (Armstrong &
Munoz, 2003).
The results that we present in this paper are based on the sacc-
adic analogue of a very common reaction time paradigm, the Go–
NoGo task, which shares several features with the saccadic Stop-
signal task, while it differs from it in an important way (see below).
In our Go–NoGo task, in the majority of trials a peripheral Go cue
instructs a saccade towards its location. However, in a minority
of trials, a NoGo (or Stop) command is presented instead of the
Go cue (therefore similar to the Stop-signal task, but with a con-
stant 0 delay), instructing not to respond and to maintain ﬁxation.
On each NoGo trial, a conﬂict arises between the oculomotor cap-
ture exerted by the stimulus onset and the inhibitory instruction.
Such conﬂict is enhanced by the dominant habit to respond. With-
holding the saccade to the sudden stimulus onset may turn out to
be quite difﬁcult, and frequent errors are made (erroneous eye
movements when a NoGo instruction is given). The critical differ-
ence between the paradigm we adopted and the widely used sacc-
adic Stop-signal task is that, unlike the latter, our Go–NoGo
paradigm does not employ a secondary sensory stimulus to engage
inhibitory mechanisms and contrast the tendency to execute the
saccade. On NoGo trials of our paradigm the same stimulus both
elicits a saccadic eye movement and engages the inhibitory mech-
anism via cognitive control. This was important for us in order to
explore the different manifestations of competition between the
Go (reﬂex-like) and the Stop (cognitive) mechanisms in a condition
where the Stop mechanisms are not triggered by a separate sen-
sory stimulus, like is instead done in the countermanding task,
with the potential risk to confound the inﬂuences on oculomotor
behaviour of cognitive and sensory factors. In addition, the present
task is somewhat similar to an experimental paradigm previously
used to investigate the dissociation between visual and oculomotor
selection in non-human primates (Juan, Shorter-Jacobi, & Schall,
2004; Sato & Schall, 2003; Schall, 2004). In these studies the mon-
key had either to execute a speciﬁc eye movement (prosaccade or
antisaccade) or to maintain ﬁxation, upon the previous discrimina-
tion of the shape and/or orientation of a visual singleton within a
search array.
1.2. The Horse-Race model
The mechanisms that allow one to inhibit an impending action
constitute a crucial component of the decisional processes under-
lying the production of that same action, as well as a fundamental
ecological skill. Nevertheless, the experimental investigation of ac-
tion inhibition has an apparent internal incoherence. By deﬁnition,
studying an inhibited, cancelled action is like ‘‘willing to observe
the unobservable” (Colonius, 1990).A simple model, the so-called Horse-Race model (Logan & Cow-
an, 1984) has provided a major theoretical framework for behav-
ioural research on the inhibition of intended actions. The Race-
model framework assumes that the behavioural output (say, either
the execution of a saccade or the maintenance of ﬁxation) is the
outcome of a dynamic decisional process that involves two com-
peting internal signals, one leading to execute the movement (Go
process), the other trying to inhibit it (Stop process—see Fig. 1).
The ﬁrst of the two signals which reaches a threshold for execution
determines the ‘‘winning command” (Go or Stop) in a winner-takes-
all manner.
The model is critically based on the idea that the Go and Stop
processes are two stochastic independent processes (the success
at inhibiting the Go-action in a given trial is not predictable), rep-
resented by the related behavioural variables, the Go signal ﬁnish-
ing time (or latency) and the Stop signal processing time, SSPt (see
Fig. 1). The second quantity is not observable, since by deﬁnition
no response is associated to it. Nevertheless, under the assump-
tions that
1. the distribution of Go latency is the same whether or not the
Stop signal is present (context independence);
2. Go latency and SSPt are stochastic independent variables at the
single trial level (event independence);
several crucial properties about the Stop process can be inferred
from the two observable sets of events, the Go saccades and the
NoGo errors. Incidentally, note that in order to study inhibition it
is crucial that inhibition does not always work, since errors are a
fundamental component of the data.
The mean Stop signal processing time, or SSPT, can be estimated
with several methods described by Colonius et al. (2001). In this
paper, we will use the so-called integration method, which is based
on the assumption that SSPt is constant, equal therefore to SSPT.
Although this assumption might seem questionable and contradic-
tory to the premises of the Race model, its validity from the point
of view of the numerical estimation has been widely established
(Logan & Cowan, 1984). SSPT is evaluated as the time delay (after
Stop signal presentation) for which the integral below the Go-la-
tency probability curve equals the fraction of NoGo errors (as de-
picted in Fig. 6, upper panel for example).
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of Go and Stop signals has often been questioned (Özyurt et al.,
2003), as it seems rather implausible from a biological point of
view (Boucher et al., 2007). The arguments in favour of the
assumption of independence, instead, are mainly supported by
the fact that a large amount of data, from behavioural experiments
with humans and monkeys (Colonius et al., 2001; Hanes & Carpen-
ter, 1999; Hanes & Schall, 1995) has failed to reveal any clear proof
of interaction. Deviations from what predicted by the indepen-
dence hypothesis have only seldom been detected in reaction time
studies (for an exception, see Özyurt et al., 2003), and in general
they appeared as unexpectedly long-latency values for saccadic re-
sponses following the inhibitory instruction.
1.3. Summary of results
In this paper, we report several observations, which provide
converging evidence against the independence hypothesis of the
Horse-Race model and are rather in favour of a dynamic functional
interaction between Go and Stop processes. In particular, we found
that (1) the amplitude of NoGo-escapes tends to decrease as their
latency increases; (2) when an unwanted saccade is correctly
inhibited in a NoGo trial, a long-latency small saccade is often ob-
served, whose direction is usually opposite to the visual NoGo cue;
(3) saccade latency increases dramatically for trials immediately
following a NoGo trial with the visual cue on the same side.
Because the behavioural outcome of the interaction between Go
and Stop processes reveals a directionally asymmetric signature, it
suggests that saccade inhibition (at least in our saccadic Go–NoGo
task) is subserved by directional mechanisms. By manipulating the
probability of the stimulus being at a given location, we ﬁnd that
the probability interacts with the inhibitory mechanisms engaged
in the Go–NoGo task. Although presenting a probabilistic bias of
the saccadic target location (while keeping the ratio of NoGo to
Go trials constant) is known to inﬂuence saccadic expectancy and
motor preparation (Basso & Wurtz, 1998; Carpenter & Williams,
1995; Dorris & Munoz, 1998), in principle it should only exert an
indirect effect (if any) on the efﬁciency of the inhibitory mecha-
nism. We actually ﬁnd evidence that our manipulation has signif-
icant effects on the inhibitory process too, and that such effects
share several aspects (most importantly the spatial selectivity)
with those observed for the saccadic initiation mechanisms.
In summary, our results challenge the notion of mutual inde-
pendence between the mechanisms underlying saccadic initiation
and saccadic cancellation in NoGo trials on two principal grounds.
Similar to previous experimental ﬁndings, our data suggest that
the Go and Stop mechanisms interact at the single trial level, in
agreement with well established electrophysiological results about
the neuronal substrate of the Stop-signal task (Boucher et al.,
2007). In addition, our results suggest the existence of an unex-
pected contextual covariance, mediated by expectancy, between
the mechanisms subserving action-production and action
inhibition.
2. Methods
2.1. Visual stimuli and eye-movement recordings
Subjects were seated in a small, darkened, sound-attenuated
room, in front of a computer monitor (150 0, 75 Hz refresh rate) with
their head positioned at a distance of about 57 cm from it. Eye
movements were recorded by means of a head-mounted video
camera system for binocular eye tracking (Eyelink I, SMI) with
250 Hz sampling rate (i.e. one-sample every 4 ms) and a gaze posi-
tion resolution <0.01. Eye-movement recordings were checked
online on the operator computer where they were also stored forofﬂine analysis. At the beginning of each recording block an auto-
matic calibration procedure was run. An additional drift-correction
procedure was frequently executed (after each 10-trial sub-block)
to adjust for occasional small shifts of the headband on the head.
All visual stimuli were well above detection threshold and were
presented against a homogeneous dark grey background (lumi-
nance 7 cd/m2). The Go and NoGo stimuli were, respectively,
green and red squares (0.6  0.6) with a high luminance (35
and 10 cd/m2, respectively) and a positive contrast with respect
to the background, approximating 67% and 18%, respectively.
The high luminance contrast of the green stimulus (or saccade
target), instructing a prosaccade in the Go trials, was desirable in
order to challenge the saccadic control mechanisms with a power-
ful oculomotor capture in the majority of trials. The ﬁxation spot
(0.3  0.3 square) was blue with a similar luminance to the back-
ground. The target was always presented either to the left or to the
right of the centre, at 11.5 of eccentricity.
2.2. Experimental procedure
Each trial started with a warning tone and a ﬁxation spot in the
centre of the display. The subject had to ﬁxate the central spot until
it disappeared (after a pseudo-random permanence time between
500 and 1500 ms) and a peripheral target simultaneously appeared
either to the right or to the left, at an eccentricity of 11.5 of visual
angle. The subject was instructed to saccade as rapidly as possible
to the peripheral target, when the latter was green (which hap-
pened in 80% of the total trials) and to keep looking at the centre
when it was red (20% of the total trials). The peripheral stimulus
remained visible for 800 ms, and eye movements were recorded
until its extinction. After 500 ms of blank screen the central ﬁxa-
tion spot reappeared at once with the warning tone to signal the
start of a new trial.
It is important to underscore here that the NoGo instruction
used in our task was presented at the same locations where a Go
target could appear. In contrast, in most Stop-signal experiments,
Stop cues are presented either centrally or contralaterally with re-
spect to the Go target (Asrress & Carpenter, 2001; Cabel et al.,
2000; Hanes & Carpenter, 1999). The implications of this feature
will be brieﬂy discussed later. As a general comment, the present
stimulus conﬁguration, in comparison to a centrally presented Stop
signal, allows to exclude a purely sensory-induced saccade inhibi-
tion in the NoGo trials, similar to the one induced by the perma-
nence of a central ﬁxation spot in the saccadic overlap paradigm
(Fischer et al., 1993).
For each individual subject the experiment was run across 4
daily sessions of one hour each, allowing us to collect between
1800 and 3500 trials overall. A short practice session was run the
ﬁrst day, so that subjects could familiarise themselves with the
task. The trial sequence was divided in blocks of about 200 trials
each. Usually three to four blocks ﬁt in one hour. Before starting
a new 200-trial block, subjects were encouraged to take a break,
if they wanted, and to take off the headband. Additional small
breaks were allowed every tenth trial.
2.3. Unbiased and probability-biased Go–NoGo task
Overall, 16 observers (students at Verona University, average
age 24 ± 3 years) participated to our study. We tested six individ-
uals with the unbiased version of the Go–NoGo task, in which
the target (as well as the Stop signal) had equal probability to occur
on either side. For 10 additional subjects, a probability bias was
introduced, such that two conditions were alternated across blocks
of trials: in the ﬁrst condition the target appeared 75% of times on
one side (right) and the remaining 25% of times on the other side
(left); in the second condition the probability contingencies were
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letter p the probability of a right event. For eight subjects out of
10 studied in the p-biased task, the experiment included two con-
dition switches (or probability reversals), i.e. a third condition
block replicated the ﬁrst one. The standard condition alternation
series (p = 0.75, p = 0.25, p = 0.75) and the complementary one
were counterbalanced across subjects. For two subjects there was
only one condition switch. Each probability condition block in
the biased task comprised at least 600 trials. Note that the fraction
of NoGo trials was kept constant (=20%) across all conditions,
implying that the probability of occurrence of a NoGo versus a
Go instruction was always the same on both sides.
2.4. Data analysis
The initial data processing was done by means of a set of MAT-
LAB (the MathWorks Inc.) routines, which individuated, for each
trial, ﬁxations, saccades, correction movements and eye-blinks,
and categorised data accordingly. We used a conjoint velocity–
acceleration threshold criterion to detect saccades in our eye
movement traces. In practice, saccades were automatically de-
tected as those continuous eye movements with velocity greater
than 30/s or acceleration greater than 800/s2 for at least three
consecutive samples. The onset of a saccade (and therefore its la-
tency) was determined as the time point preceding the ﬁrst thresh-
old-crossing sample.
As a general rule, trials for which the eye position record re-
vealed eye-blink artefacts in close proximity to the saccade
were labelled and discarded from analysis, and so were those
trials with saccadic eye movements (including small saccades,
of the type that we will later categorise as microsaccades) pre-
ceding target onset. In addition, trials with latencies below
80 ms were regarded as anticipatory saccades and were not in-
cluded in most analyses, although we kept track of them, as
informative components of saccadic performance. Only horizon-
tal movements were selected for analysis, since this was the
only relevant dimension.
3. Results: dynamic competition between execution and
inhibition of a saccade
The occurrence of a NoGo instruction elicits a competition be-
tween two opposite and mutually exclusive behavioural tenden-
cies, the execution of a saccade (natural but unwanted) toward
the visual stimulus and the maintenance of central ﬁxation. In this
section, we outline several observations concerning human oculo-
motor behaviour in a saccadic Go–NoGo task. For the experimental
results reported in this section, data obtained with the biased and
unbiased task were pooled together, given that no signiﬁcant dif-
ference between tasks was detected (unless speciﬁed in the text).
Results speciﬁc to the probability bias manipulation and the inter-
action between expectancy and inhibitory control are presented in
Section 4.
3.1. Spatiotemporal pattern of NoGo movements in the Go–NoGo
paradigm
In Fig. 2a the latency (also referred to as saccadic reaction
time, or SRT, in the following) of the ﬁrst saccade detected after
target onset is plotted for an example subject (E.L.) as a func-
tion of the saccadic landing point, for movements following a
Go or a NoGo (unwanted saccades) instruction. We refer to
these movements as Go, or regular movements and NoGo
movements, respectively. We refer instead to the NoGo trials
for which no saccadic eye movement was detected as
NoGo-inhibited trials.NoGo movements are in general very similar to short-to-med-
ium-latency regular saccades produced after a Go instruction. In
this case, we will refer to them as NoGo-escapes. Across 16 sub-
jects, the percentage of NoGo-escapes ranged between 10% and
50% with a mean value of 25%. However, note that NoGo move-
ments are not limited to the class of NoGo-escapes. A second rele-
vant class of eye movements following a NoGo instruction is that of
late small saccades (mostly contraversive), as we will discuss later.
In Fig. 2a, eye movements following stimuli presented to the
two different sides are plotted with different colours (see ﬁgure
legend). From a quick inspection of the ﬁgure, one can notice that
a remarkable spatiotemporal pattern emerges for both Go and
NoGo trials. This pattern is systematically found for all subjects.
Along the dimension of the saccadic latency one can individuate
three or four distinct classes deﬁned in terms of saccade amplitude,
direction and of the percentage of movements following a NoGo
instruction. In practice, we individuated the distinct classes across
subjects by means of an automatic routine enforcing the numerical
empirical criteria speciﬁed below. In brief, we checked which one
of these criteria was satisﬁed in a subpopulation of saccades corre-
sponding to a sliding-latency-interval. By doing this we could as-
sign to a given latency-interval the membership to a given class
and then group the latency-intervals with the same membership
into distinct classes. However, these criteria do not have to be in-
tended as mathematically rigorous in the sense that they are not
always mutually exclusive nor exhaustive for the identiﬁcation of
different saccadic populations. In some cases we actually had to
visually ‘‘adjust” the borders between classes to avoid superposi-
tions or gaps. In any case, this classiﬁcation provides an efﬁcient
qualitative description of the global oculomotor behaviour in our
Go–NoGo task. The very ﬁrst class was absent for some subjects.
We describe now the characteristics of each class, together with
its approximate latency boundaries.
(I) Class of anticipations (latency below 80–100 ms, poorly pop-
ulated and sometimes absent): saccades following both Go
and NoGo instructions have very short amplitude and their
direction does not clearly correlate with target location. Cri-
teria: more than 10% of saccades are directed opposite to the
target.
(II) Class of very fast and inaccurate saccades (latency between
100 and 160 ms): saccade direction matches target location
(>90% of trials) but saccade amplitude is consistently shorter
than the target distance. Criteria: less than 10% of saccades
are directed opposite to the target, but more than 10% of
Go saccades are hypometric, i.e. they have an absolute
amplitude below 6.
(III) Class of fast and accurate Go saccades but with many NoGo-
escapes (latency between 160 and 350–400 ms): it is the
most populated region, in which regular Go saccades land
accurately on the target (amplitude within ±5 from target
location for >90% of trials) and inhibition of an eye move-
ment following a NoGo instruction seems very difﬁcult.
Within this class there seems to be a weak trend for the
amplitude of NoGo-escapes to decrease with increasing
latency (see Section 3.2). Criteria: more than 10% of NoGo
movements land close to the target (amplitude > 6).
(IV) Class of slow Go saccades and very small saccades after
NoGo commands (contraversive movements in majority;
latency above 350–400 ms): for saccades following a Go
instruction this is the long-latency tail of the distribution;
movements recorded after a NoGo instruction have a short
amplitude and interestingly their direction reveals a prefer-
ence for the side contralateral to the NoGo stimulus (see Sec-
tion 3.3). Criteria: more than 90% of NoGo movements land
close to the central ﬁxation point (amplitude < 2.5).
Fig. 2. (a) Spatiotemporal pattern of saccade performance in a Go–NoGo task: saccadic latency is plotted as a function of saccadic landing point for one example subject (E.L.).
Horizontal dashed lines partition saccades in four sub-populations, whose characteristics are described in the main text. (b) Latency histogram of saccades occurring in Go
and NoGo trials for the same subject. The NoGo movements histogram is normalised to the overall error fraction n.
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(258.4 ms, SEM = 12 ms) with respect to the value obtained, for a
different group of participants, in a similar saccadic task which in-
cluded only Go trials (197.6 ms, SEM =7 ms; Montagnini &
Chelazzi, 2005). In a previous saccadic countermanding study,
Özyurt et al. (2003) have reported that themean latency of saccades
in Go trials was signiﬁcantly longer than during a similar control
task in which no Stop signal was ever presented. As they pointed
out, the inclusion of a conﬂictual instruction (and, more in general,
an increase of uncertainty in the behavioural task) might actually
encourage a strategic delay in the initiation of Go movements.
Fig. 2b shows the saccadic latency distribution for Go and
NoGo-saccades (respectively, in blue and red) for the same obser-
ver shown in panel a. A ﬁrst peak of NoGo movements (coincident
with the NoGo-escapes) occupies the short-latency region of regu-
lar saccades. Interestingly, a second characteristic population wasrevealed in the long-latency region. We will analyse these two
populations of NoGo movements in the following sections.
3.2. Modulation of NoGo-escapes amplitude
Fig. 3 shows, for different 25 ms latency-bins in the range of
regular saccades, the group average amplitude of NoGo-escapes
(red curve) in comparison to Go saccades (blue curve). Interest-
ingly, amplitude is strongly reduced for saccades occurring after
the presentation of the NoGo instruction as compared to after a
Go instruction. Even more interestingly, there is a clear trend for
the amplitude of NoGo-escapes to further decrease with latency.
A repeated measures 2-way (latency-bin  Go/NoGo instruction)
Analysis of variance of the amplitude values conﬁrmed that the ef-
fect of both main factors was highly signiﬁcant (F(4,60) = 15.5,
p < 108 and F(1,15) = 39.1, p < 104, respectively). The interac-
Fig. 3. Modulation of saccade amplitude of Go saccades (blue) and NoGo-escapes
(red) as a function of latency (group average, N = 16). Error bars represent the
standard error of the mean. (For interpretation of colour mentioned in this ﬁgure
the reader is referred to the web version of the article.)
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p < 1010), reﬂecting the fact that only the amplitude of NoGo-es-
capes is reduced for longer latency movements whereas the ampli-
tude of regular Go saccades remains roughly constant.
Peak-velocity of the NoGo-escapes was also signiﬁcantly modu-
lated by the saccadic latency, following a similar pattern to the
amplitude modulation. However, the effect on peak-velocity does
not seem to add any novel information to the amplitude effect.
To test the validity of this view, we performed ﬁrst a linear corre-
lation analysis for the two factors, latency-bin and amplitude, of
NoGo-escapes across subjects. Second, we evaluated the partial
correlation between latency and amplitude accounting for the
peak-velocity variability. Although the ﬁrst test revealed a signiﬁ-
cant correlation (correlation coefﬁcient = 0.24; p < 0.03), the sec-
ond test did not reach the signiﬁcance criterion (correlation
coefﬁcient = 0.20; p > 0.1). This fact, together with the well
known strong correlation (Bahill, Clark, & Stark, 1975) between
amplitude and peak-velocity (in the present data: correlation coef-
ﬁcient = 0.7; p < 105), suggests that amplitude and peak-velocity
provide redundant information at this level.
3.3. Late NoGo movements
Although for all subjects there was a consistent fraction of
NoGo-escapes after a NoGo instruction, in the majority of NoGo tri-
als subjects were actually able to inhibit the natural saccadic
movement to the target. Yet, in many of these trials a saccade
was detected (see the points in the upper part of Fig. 2a and theFig. 4. (a) Latency distributions for ipsiversive (blue curve) and contraversive (red curv
group-average ratio of occurrence of ipsi- and contralateral saccades with respect to the t
100 ms bins. (b) Same as in panel (a), but only saccades with an amplitude of less than 2
referred to the web version of the article.)late occurrences in the latency histograms of Fig. 2b) which almost
always consisted of a very short amplitude saccade (ampli-
tude < 2.5, median = 0.34), and had a very long-latency, usually
above 400 ms. Note that we systematically interrupted eye-move-
ment recording 800 ms after target onset, thus no data are avail-
able about movements with an even longer latency.
This particular class of eye movements shares several properties
with ﬁxational microsaccades described in previous work (see be-
low and Section 5), therefore we will refer to them as microsac-
cades too. A more traditional deﬁnition of microsaccades would
probably include only movements with an amplitude below 1;
however, we estimated that 88% of the detected late small sac-
cades had indeed an amplitude below 1 (median ampli-
tude = 0.34), which overall makes this population of eye
movements very likely to belong to the same category that is usual
referred to as microsaccades. The percentage of NoGo trials that
were followed by a late microsaccade averaged to 24% across 16
subjects (range between 7% and 60%).
If the microsaccades were just the reﬂection of random instabil-
ities of the eye during ﬁxation, we would expect them to be direc-
ted more or less uniformly in all directions in space (at least in
equal percentage to the right and left, in our task) and to be initi-
ated approximately with a uniform probability in time. To the con-
trary, we found that the late microsaccades were more often
directed contralaterally than ipsilaterally to the NoGo stimulus
location, while their latency peaked around 600 ms (see Fig. 4).
Collapsing data for all conditions, across subjects, contralateral
microsaccades were almost twice as many as ipsilateral microsac-
cades. A one-tailed paired t-test (p < 0.05) conﬁrmed that the frac-
tion of contralateral microsaccades was signiﬁcantly higher than
the fraction of ipsilateral ones. At the single subject level, we
checked the conﬁdence with which we could reject the hypothesis
that the unequal distribution (of contra- versus ipsilateral micro-
movements) could be obtained by chance, given the stochastic uni-
form assumption, i.e. following a binomial probability law with
ProbaðIpsilateralÞ ¼ ProbaðContralateralÞ ¼ 0:5: ð1Þ
For 12 subjects out of 16 the signiﬁcance value p was smaller
than the conventional 5% signiﬁcance level.
In the left panel (a) of Fig. 4 the group-average (N = 16) latency
probability distribution of saccadic movements (with no con-
straints on the amplitude) following a NoGo instruction is shown
separately for ipsiversive (blue) and contraversive (red) saccades.
Sample frequencies are computed for 100 ms bins of latency. The
ﬁrst peak of ipsiversive saccades around 200–300 ms correspondse) saccadic movements following a NoGo instruction. On the y-axis we report the
otal number of detected saccades after a NoGo cue. Latency values are grouped into
.5 are included. (For interpretation of colour mentioned in this ﬁgure the reader is
Fig. 5. (a) NoGo-trial contiguity effect. Mean latency of saccades sorted depending on whether the previous trial was (1) a NoGo-escape (blue bars), (2) a correctly inhibited
NoGo trial (green bars), (3) or a Go trial (brown bars). The two sets of bars correspond, respectively, to saccades directed to the same or opposite side with respect to the target
location in the previous trial. (b) NoGo trial recency effect: the mean latency difference between trials occurring on the same and opposite side with respect to the preceding
NoGo trial is plotted depending on whether the preceding NoGo trial occurred 1, 2 or 3 trials before. The difference is evaluated for NoGo-escapes and correctly inhibited
NoGo trials pooled together. (For interpretation of colour mentioned in this ﬁgure the reader is referred to the web version of the article.)
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two shallow bumps become visible for ipsi- and contraversive sac-
cades, the latter being more pronounced. Only micromovements
are responsible for the shallow late bump in the latency histogram,
as shown in the right panel of Fig. 4 where only saccades with an
amplitude of less than 2.5 are shown.
In order to verify the robustness of our ﬁndings about microsac-
cades, we re-analysed our data using a different saccadic detection
criterion, proposed by Engbert and Kliegl (2003), which avoids
using a ﬁxed velocity threshold criterion and takes into account
the local variability of the eye velocity time series. No signiﬁcant
difference was found with respect to the pattern of results pre-
sented in Fig. 4.
3.4. Direct evidence for directionally speciﬁc inhibitory mechanisms
opposing saccade initiation: NoGo-trial contiguity
Similar to most previous studies, in the present work we failed
to ﬁnd any effect of the NoGo instruction on saccadic reaction
times, which would prove the inadequacy of the independence
hypothesis of the Race model at the single trial level. In general,
such an effect would be expected to take the form of statistically
longer latency values for saccadic responses following the inhibi-
tory instruction as compared to Go saccades (Özyurt et al., 2003).
Surprisingly, though, we found a striking inhibitory effect, in terms
of a latency increase, on Go trials subsequent to a NoGo trial. First,
we detected a selective signiﬁcant increase in latency when the Go
trial and the previous NoGo trial happened to have the stimuli
(NoGo cue and Go target, respectively) presented on the same side
of ﬁxation. In other terms, and different from previous observa-
tions (Cabel et al., 2000; Emeric et al., 2007), this NoGo-trial conti-
guity effect is conditional upon the location of the previously
presented NoGo instruction. Second, we could not ﬁnd any signif-
icant difference in the inhibitory power of correctly inhibited sac-
cades as compared to NoGo-escape saccades on subsequent Go
trials. Fig. 5a illustrates all these results.
The dramatic inhibitory effect induced by NoGo-trial contiguity
leads to an average latency difference of more than 40 ms between
trials following a ‘‘NoGo same-side” and all the other conditions,
including trials occurring on the same side after a Go trial and all
types of trials occurring on the opposite side. The mean latency dif-
ference between trials occurring after a NoGo trial on the same
versus the opposite side was indeed strongly signiﬁcant, asconﬁrmed by a pairwise t-test for trials following both a NoGo
inhibited and a NoGo escape trial (p < 0.01 in both cases). Instead,
no latency difference was detected between trials following a Go
trial on either the same or opposite side (paired t-test, p > 0.2). Fi-
nally, the previous trial type did not affect the latency of Go trials
on the opposite side (repeated measures 1-way ANOVA,
F(2,30) = 0.37, p > 0.6).
The same–opposite side difference was of the same size for tri-
als following a correctly inhibited or a NoGo-escape trial (p > 0.3),
therefore, we pooled together trials following NoGo trials regard-
less of the outcome of the previous NoGo trials (inhibition or es-
cape) and computed the difference between Go-trial latency on
the same and opposite side of the previous NoGo trial. This quan-
tity provides a compact measure of the NoGo-contiguity inhibitory
effect. Fig. 5b illustrates this effect and its persistence (although
with a lower strength) for the second and third trial after the NoGo
instruction. The ipsilateral NoGo inhibition is completely extin-
guished by the fourth trial (i.e. the same–opposite difference is
not signiﬁcantly different from 0: one-sample t-test, p > 0.4).
Finally, the directionally speciﬁc inhibitory NoGo-trial effect
tended to be stronger for trials following a NoGo trial ended with
a contraversive microsaccade than with an ipsiversive one. This ef-
fect did not reach the conventional signiﬁcance criterion (paired t-
test p = 0.07), except when selecting trials in the high-probability
condition of the biased task (p < 0.05 in this case).
4. Expectancy and inhibitory performance
Visually-guided saccades are sensitive to the degree of expec-
tancy that the target stimulus will appear at one particular location
(Carpenter & Williams, 1995). Speciﬁcally, a bias in the probability
of occurrence of the target at a given location modulates the la-
tency of a movement to that location, and the latency is reduced
when the occurrence of a particular visuo-motor contingency is
highly expected. In addition, single unit recordings in monkeys
have demonstrated that the baseline activity of saccade-related
neurons in the Superior Colliculus is affected by the probability
of occurrence of saccadic targets at different locations (Dorris &
Munoz, 1998). These ﬁndings suggest that motor readiness in-
creases monotonically with the probability of a given movement.
The rationale to introduce a probability bias in the present Go–
NoGo saccadic task was to investigate how a spatially-speciﬁc
modulation of expectancy (and motor readiness) interacts with
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location.
We remind the reader that the ﬁndings described in the previ-
ous sections were obtained from the whole pool of data, obtained
with the unbiased and the biased Go–NoGo tasks, by collapsing
across probability conditions in the latter case. In this section, we
present results concerning saccadic reaction time obtained in our
biased Go–NoGo task under different probability conditions. We
discuss these results within the framework of the Horse-Race mod-
el, presented in the Introduction.
4.1. Model predictions: the strong independence hypothesis
It is a major tenet of most theories about inhibitory processes,
as well as of the theoretical background of the Horse-Race model,
that the overall ability to inhibit an action (in terms of the percent-
age of correctly inhibited responses) does depend on the latency
distribution of the Go trial responses. Intuitively, as Go responses
become faster, more unwanted movements will occur after an
inhibitory instruction, the SSPt being exceedingly long to compete
with fast Go signals. Since, in agreement with previous results
(Basso & Wurtz, 1998; Carpenter & Williams, 1995; Dorris & Mu-
noz, 1998), we found that manipulating the probability of occur-
rence of the target on either side produces a change in saccadic
latency of Go trials, an interesting issue is how the location proba-
bility bias might affect the ability to inhibit unwanted movements
in NoGo trials.
Intuitively, and again in line with the Race model, we should ex-
pect a larger fraction of NoGo-escapes to occur for NoGo trials with
the target appearing on the high probability side than on the low
probability one. The Horse-Race model does even allow a formal
prediction of the expected change in the fraction of inhibited
Stop-trials (as illustrated in Fig. 6). More generally, however, the
probability manipulation might be able to inﬂuence the inhibition
performance in two alternative ways:
 Leaving the Stop process—and SSPT in particular—unaffected,
but changing the Go process (e.g. reducing latency in the high-
p condition) in such a way that it becomes more difﬁcult to inhi-Fig. 6. (a) The mean Stop signal processing time, SSPT, can be computed as the time
value on the abscissa for which the integral of the Go-SRT probability density
function (red area) equals the NoGo-escape fraction n. (b) The strong independence
hypothesis postulates that SSPT does not vary and n decreases if the Go-SRT
distribution is shifted to the right. Figure modiﬁed from Hanes and Carpenter (1999).
(For interpretation of colour mentioned in this ﬁgure the reader is referred to the
web version of the article.)bit a movement to the most frequently visited side. We refer to
this possibility as the strong context independence hypothesis. In
this case, if the assumptions of the Race model hold, it is
straightforward to predict the way in which the fraction of
NoGo-escapes should change with the change of Go trials
latency (illustrated in Fig. 6 upper and lower panel).
 Affecting the Stop process as well as the Go process, in a corre-
lated or uncorrelated way. Note that the validity of this second
hypothesis would in principle not contradict the independence
assumptions of the Race model as they have been previously
described (the context and event independence). It would nev-
ertheless go against the strong context independence hypothe-
sis, grounded on the idea that not only is the Go process not
affected by the presence of the Stop process (usual context inde-
pendence hypothesis, see also Hanes and Carpenter (1999)), but
also, conversely, that the Stop process is not affected by manip-
ulations acting on the Go mechanisms.
Colonius (1990) showed that it is theoretically possible to esti-
mate the complete distribution of the Stop signal processing time
and not only the mean SSPT, given the experimental probability
density function observed for Go trial and NoGo movement laten-
cies together with the overall fraction of NoGo movements n. Such
derivation relies only on the two assumptions of statistical inde-
pendence that are at the basis of the Race model and reads
P½TStop  t ¼ 1 ðP½TGo ¼ tjTGo < TStop=P½TGo ¼ tÞ; ð2Þ
where TStop (equivalent to SSPt) represents the ﬁnishing time of the
Stop signal and TGo is equivalent to the Go-trial latency, while the
probability functions appearing as numerator and denominator of
the right-hand ratio correspond, respectively, to the NoGo move-
ment latency probability density and to the Go-latency probability
density.
Fig. 7 illustrates, with simulated data, the meaning of this rela-
tionship: the Stop signal processing time distribution (green dash-
dotted curve) can be calculated from the Go (blue solid curve) and
NoGo escape (blue dashed curve) latency probability densities.
Note that the quantity P[TGo = t|TGo < TStop] sums to the overall er-
ror fraction n. The probability density functions represented inFig. 7. Simulated probability distributions illustrating the quantities involved in Eq.
(2). The Stop signal processing time distribution (green dot-dashed curve) can be
derived from the Go trial and NoGo-escape latency probability density functions
(solid and dashed blue curves, respectively). (For interpretation of colour men-
tioned in this ﬁgure the reader is referred to the web version of the article.)
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latencies are distributed following an inverse-normal law (as pre-
scribed by the LATER model, Carpenter & Williams, 1995). We have
used this analytical relationship in order to compare the Horse-
Race model predictions for the estimated latency probability distri-
butions with the experimental data.
4.2. Interaction between motor readiness and inhibition
Most experimental studies (Logan & Cowan, 1984) about inhib-
itory control have focused on the effect of a varying delay in the
presentation of the Stop signal. In other words, they analysed what
happens when the distribution of Stop signal ﬁnishing times is
shifted on the time axis by the amount corresponding to the Stop
signal delay, while the Go signal ﬁnishing time distribution re-
mains ﬁxed. With a few exceptions (Hanes & Schall, 1995), there
is general agreement from this kind of studies that SSPT does not
vary with the Stop signal delay, thereby implying that the inhibi-
tory mechanisms are stable with respect to important manipula-
tions of the behavioural task. However, the capacity to inhibit an
intended action can be strongly inﬂuenced by other types of con-
textual effects, such as the overall probability of occurrence of a
Stop signal among Go signals (Logan & Cowan, 1984). Note, how-
ever, that in our study the proportion of NoGo versus Go trials re-
mained constant on each side (in a 1–4 ratio).
Here, instead, we consider a particular experimental situation
which leads to a shift on the time axis of the Go signal ﬁnishing
time distribution (Fig. 6 compare upper and lower panel). This is
obtained by means of an increased (or decreased) expectancy asso-
ciated with a given movement. This change of expectancy (or mo-
tor readiness, see above), in turn, is obtained through the
probability bias manipulation described in Section 2.
In our biased Go–NoGo task, average Go-saccade latency (±SEM)
across subjects (N = 10) was 258 ± 6 ms in the high-probability
condition (p = 75%) and 272 ± 8 ms in the low-probability condi-
tion (p = 25%), this difference being signiﬁcant according to a
paired t-test (p < 0.05). In the unbiased task (p = 50%), saccadic la-
tency averaged, across a different group of subjects, to 258 ± 10 ms.
The latency difference between high and low-probability condi-
tions is consistent with the ﬁndings reported by Carpenter and
Williams (1995), which were obtained with a simple saccadic task.
A manuscript is now under preparation comparing the probability-
bias effect on saccadic latency across a number of classical saccadic
paradigms.
The percentage of NoGo-escapes was similar toward the more
and less likely target location, but slightly higher in the latter con-
dition: mean ± SEM was 27 ± 4% and 32 ± 4%, respectively. This dif-Fig. 8. (a) Probability-bias effect on the mean processing time of Go (blue symbols) and
conditions of the biased NoGo task (circles) as well as for the unbiased task group (squa
condition–high-p condition) is plotted versus the mean individual saccadic latency differe
mentioned in this ﬁgure the reader is referred to the web version of the article.)ference was statistically signiﬁcant (paired t-test, p < 0.05). For a
different group of subjects in the unbiased condition the percent-
age of NoGo-escapes averaged to 25 ± 4%, this value being not sig-
niﬁcantly different from either value obtained in the biased task (a
two-sample t-test led to p > 0.2 for both pairwise comparisons).
The relatively good performance in Stop-trials on the high prob-
ability side is reﬂected in the estimated values of the mean Stop
signal processing time. In Fig. 8a the group average SSPT for differ-
ent probability conditions is shown together with the group aver-
age mean saccadic latency. The probability condition turned out to
signiﬁcantly affect SSPT (paired t-test, p < 0.05), which averaged
across subjects to 216 ± 8 ms and 236 ± 6 ms in the high and
low-probability condition, respectively.
In Fig. 8b, the mean SSPT difference across probability condi-
tions (low p–high p) is plotted as a function of the mean SRT differ-
ence. A linear regression analysis revealed that these two
quantities were weakly but signiﬁcantly correlated across subjects
(R2 = 0.54; p < 0.01). This ﬁnding seems to indicate that the proba-
bility bias exerts an effect on the inhibitory mechanism which is
not a mere consequence of the assumption of independence of
the Race model: it actually works in the opposite sense, making
the inhibitory process work better when Go saccades are more
prompt. Note that the linear regression ﬁt of the data points in
Fig. 8b (dashed line) intersects the y-axis at a value (11 ± 4 ms)
which is signiﬁcantly above the origin, indicating that the probabil-
ity manipulation affects the Stop process even when it has little or
no effect on the latency values, i.e. when the mean latency differ-
ence is close to 0.
Finally, according to the analytical derivations by Colonius
(1990), under the hypothesis that the inhibitory process is not af-
fected by the target location bias (i.e. the SSPt distribution—green
curve—remains constant), the Race model predicts, say for a switch
from the higher to the lower probability condition, a rightward
shift of both the Go and NoGo-escape latency distributions. This
situation is illustrated in Fig. 9a for the cumulative probability
functions rather than the density functions—simulated data, using
the LATER model.
However, only 2 subjects out of 10 displayed a behaviour qual-
itatively consistent with the prediction illustrated in Fig. 9a. For the
remaining subjects the typical behaviour was similar to the one
shown in Fig. 9b for an example subject (experimental data, esti-
mated probability distributions have been smoothed with the
Gaussian kernel convolution method). Rather than a rightward
shift, the NoGo-escape distribution underwent in most cases a left-
ward displacement when passing from the high to the low-proba-
bility condition. Concurrently, the estimated SSPt distribution (see
Eq. (2)) underwent a rightward shift (see arrow in Fig. 9b), insteadStop (red symbols) signals. The group average values are represented for the two p
res). Error bars represent the group SEM. (b) The estimated SSPT difference (low-p
nce. The dashed line represents the linear regression ﬁt. (For interpretation of colour
Fig. 9. (a) Probability-bias effect on the simulated cumulative distributions of Go and NoGo-escape saccadic latencies. The Race model predictions are based on the
assumption that the Stop process is unaffected (green dot-dashed curve) and they imply a rightward shift (for a change from high to low probability) for both the Go trial and
the NoGo-escape latency cumulative distributions. In both panels, red curves represent data in the low-probability condition, whereas blue curves correspond to the high-
probability condition. (b) Probability-bias effect on Go and Stop processes: experimental data (subject NZ). The cumulative NoGo-escape latency distribution undergoes a
leftward shift (different from model’s predictions), thereby implying a change (a rightward shift as indicated by the arrow and depicted by the two different dot-dashed
curves in blue and red) in the corresponding SSPt distribution, as calculated through Eq. (2) and a numerical smoothing procedure.
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of Stop signal processing time is a quantity that we can only indi-
rectly derive from raw data about the observable probability distri-
butions and it greatly suffers of the limited sampling problem. In
particular, given the relatively low fraction of errors n, the estimate
of the NoGo-escape latency probability is very noisy even after the
smoothing procedure and it does not allow a systematic quantita-
tive analysis across subjects.
5. Discussion
In this paper, we have reported several observations concerning
the inhibitory mechanisms which are activated to cancel a largely
automatic visually-guided saccade. By carefully monitoring the
behavioural performance of human observers in a simple Go–NoGo
saccadic task, it was indeed possible to infer important properties
of the dynamic interactions between the mechanisms underlying
saccade execution and inhibition.
First, a number of observations about the spatiotemporal pat-
tern of saccadic movements following a NoGo instruction, together
with the directionally speciﬁc, inhibitory NoGo-trial after-effect,
provide converging evidence that the preparation of a Go response
and the development of a Stop command do not occur through
completely parallel and independent pathways, as postulated by
the independent Race model in its most conservative version, but
rather interact profoundly. Second, for the ﬁrst time we have re-
ported evidence that the inhibitory mechanism can be affected
by a contextual manipulation of the readiness to execute a move-
ment in an unexpected way, namely in a similar way to the change
undergone by the movement execution mechanism itself.
5.1. Interaction between Go and Stop processes: summary of results
and comparison with previous studies
We observed a weak, though signiﬁcant, decrease of the NoGo-
escapes amplitude with increasing latency. This suggests that the
strength of the inhibitory signal affecting the planning of the un-
wanted Go response increases with time. A similar negative corre-lation between saccadic amplitude and latency of NoGo-escapes
was already observed in prior work employing the countermand-
ing paradigm (Akerfelt et al., 2006; Colonius et al., 2001), although
it only emerged for a minority of subjects and usually did not reach
statistical signiﬁcance. Probably the reason why in our case we
could detect a relatively robust effect is the large number of re-
corded trials. Also in our data, however, the strength of the ampli-
tude modulation was variable across subjects.
Note that this within-trial active inhibition could in principle
not disturb the independence between the ﬁnishing time of the
Go and Stop process (and indeed we did not detect any failure of
the independence hypothesis at the single trial reaction time level).
For instance, Findlay and Walker (1999) have proposed a model for
saccadic generation that postulates the existence of two indepen-
dent streams of information processing, the where and the when
streams. The computation of the spatial parameters (‘‘where”) of
the movement undergoes an independent processing until the mo-
ment in which the gating mechanisms controlled by the ‘‘when”
stream release the Go signal: the movement will be executed
according to those parameters which were estimated at the Go-sig-
nal arrival. However, the decrease of the amplitude of unwanted
saccades with increasing latency cannot be easily accommodated
within the Horse-Race model, which parsimoniously predicts a
strictly binary outcome (with a continuum of stochastic reaction
times): either the saccade is executed or it is suppressed. A saccade
of intermediate amplitude could not readily be explained.
A scenario already proposed (Boucher et al., 2007; Hanes &
Carpenter, 1999) seems to be compatible with our ﬁndings as well
as with the notion of independence between the Go and the Stop
processes at the reaction time level but not at the level of the
underlying neuronal architecture. Namely, an initial phase of true
stochastic independence between the two competing signals, fol-
lowed by a later phase of interaction could explain these discrep-
ancies. It is interesting to point out that our ﬁnding that the
NoGo-trial inhibitory after-effect was not extinguished until the
fourth trial after the NoGo cue suggests an extreme interpretation
of this late interaction, as the effect seems to exceed the single trial
epoch.
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amplitude upon latency can be proposed based on a parallel with
the double-step saccade task (Becker & Jürgens, 1979). In the dou-
ble-step task the saccadic target steps from the initial location to a
different one during the preparation of the eye movement. The
landing point of the resulting saccade is close to the initial target
location for saccades with short-latency, whereas it moves pro-
gressively closer to the ﬁnal target location as the latency in-
creases. In our Go–NoGo task, the central ﬁxation location could
assume the functional role of the second target location in the dou-
ble-step task. In this sense, the competition between saccade exe-
cution and saccade inhibition would actually be equivalent to a
dynamic competition between alternative targets for gaze redirec-
tion, one peripheral and the other foveal. Although this is only a
speculative account, there are other observations in our study that
support the idea of a dynamic equilibrium (or disequilibrium) be-
tween different planned movements instead of a competition be-
tween two radically distinct outcomes such as movement and
no-movement (or ﬁxation), as discussed below.
5.2. Directional speciﬁcity of inhibitory mechanisms: Summary of
results and comparison with previous studies
A remarkable feature emerging from our results is that of an
apparent directional speciﬁcity of the inhibitory mechanisms,
especially evident for the direction of late microsaccades in suc-
cessfully inhibited NoGo trials, and for the NoGo-trial contiguity
effect.
In relation to the ﬁrst of these ﬁndings, recent studies on visual
attention (Engbert & Kliegl, 2003; Hafed & Clark, 2002; Rolfs,
Engbert, & Kliegl, 2004) have pointed out that the direction of
microsaccades can provide an overt measure for covert shifts of
attention. In particular, Engbert and Kliegl (2003), Rolfs et al.
(2004), Rolfs, Engbert, and Kliegl (2005), and Laubrock, Engbert,
and Kliegl (2005) have analysed the temporal variation of micro-
saccadic rate and their direction after the presentation of a visual
stimulus cueing the location of a target to be detected. In their
experimental paradigm, subjects were required to always maintain
ﬁxation. In particular, Rolfs and colleagues (2004) found that, fol-
lowing an initial reduction of microsaccade occurrence after cue
onset, the rate of these small movements increases again, peaking
around 400 ms, and the microsaccadic angular distribution be-
comes, in this later phase, biased toward the direction opposite
to the cue. This late peak of contraversive microsaccades is remi-
niscent of our ﬁnding of late contraversive microsaccades in cor-
rectly inhibited NoGo trials. Later studies from the same group
(Rolfs et al., 2005; Laubrock et al., 2005) have also revealed an ini-
tial directional bias (within the ﬁrst 200 ms) for microsaccades to-
ward the peripheral visual cue (or target), again similar to the
spatiotemporal modulation of microsaccades observed in our Go–
NoGo task.
In summary, we believe that in the present study the time
course and the asymmetric directional distribution of microsac-
cades represent the overt counterpart of a covert process, namely
the dynamic resolution of the competition between the tendency
to saccade to the target and the instructed inhibition of such ten-
dency. One possible functional explanation of this observation is
that saccade inhibition is instantiated by a counteracting motor
program (a saccade away from the visual onset), resulting in a
small contraversive movement when competition resolves.
Finally, we revealed a weak though interesting effect of the
presence of a contraversive microsaccade in a NoGo trial on the
saccadic reaction time in the next trial (NoGo-trial contiguity ef-
fect). If this ﬁnding were to be conﬁrmed, it might well support
the conjecture that the contraversive microsaccades are indeed
the expression of an active competition between Go and Stop pro-cesses, which occurs at the saccadic preparation level and is ﬁnally
won by the inhibitory process. More precisely, the direction of the
late microsaccades would reﬂect the relative strength of the two
competing processes at the end of the competition and this would
be reﬂected, in turn, in a proportional side-speciﬁc inhibition
strength affecting the subsequent trials.
5.3. Possible neurophysiological bases
The issue of a directional speciﬁcity of the inhibitory mecha-
nisms opens interesting questions about the possible neural sub-
strates underlying saccade inhibition. Saccade-related neural
activity has been studied in detail by means of electrophysiological
recordings in several brain areas of non-human primates (see for
example Bruce & Goldberg, 1985; Hikosaka, Takikawa, & Kawagoe,
2000; Munoz & Schall, 2004; Sparks, 1975; Thier, Dicke, Haas,
Thielert, & Catz, 2002).
In two of the most relevant areas implicated in saccadic control,
the Superior Colliculus (Paré & Hanes, 2003) and the Frontal Eye
Fields (FEF; Hanes et al., 1998; Schall, 2004), researchers have also
reported neural activity correlated with saccade inhibition. For in-
stance, Paré and Hanes (2003) have recently found that the relative
activation of movement-related and ﬁxation-related cells in the
Superior Colliculus (SC) is predictive of the behavioural outcome
(success or failure) in a saccadic countermanding task. In addition,
the time course of SC cell activity was found to be highly correlated
with the latency of saccades as well as with the estimated Stop sig-
nal processing time, which measures the mean time needed to can-
cel a planned movement. Similar results have been reported for the
FEF by Hanes and colleagues (1998). Interestingly, by using a com-
plex visuo-oculomotor task, Schall (2004) has reported that, during
NoGo trials in which a saccade was correctly inhibited, some cells
in the monkey FEF revealed a selective activation coherent with a
motor preparation toward a location opposite to the visual stimu-
lus instructing to maintain ﬁxation. Although the experimental
conditions are not directly comparable, between the present and
Schall’s study (most important, in the latter work NoGo trials were
intermingled with antisaccades), this ﬁnding is qualitatively in
agreement with our behavioural observations concerning the lat-
eral speciﬁcity of inhibitory control.
A recent interesting study by Boucher and colleagues (2007) has
pointed out the incongruency between the independence assump-
tion between Go and Stop processes in the Race model and our cur-
rent knowledge about the neural architecture underlying saccade
execution and inhibition. In particular they focused on the now
well established mutually inhibitory connections between move-
ment- and ﬁxation-related cells. Most importantly, they have pro-
posed (and computationally validated) a solution to this apparent
incongruency, based on the existence of distinct functional stages
in the buildup process of Go and Stop signals. Only the latest stage
of such processes would actually be affected by the mutual inhibi-
tion, whereas the two signals would buildup largely independently
at the earlier stages. This model is well capable to account for the
classical behavioural reaction time data in the Stop-signal para-
digm. However, in its present form, Boucher et al.’s model is not
capable to explain our ﬁnding concerning the directionally speciﬁc
signature of saccade inhibition. If the neuronal activity responsible
for the inhibition of a saccade is coincident with the signal under-
lying eye ﬁxation, one should not expect any directional speciﬁcity.
An interesting idea has recently been put forward by Goffart,
Hafed, Dill, and Krauzlis (2006). According to these authors, SC ﬁx-
ation cells would actually represent position error vectors (in other
terms they would also code for small saccades) and the stability of
the gaze would be the result of a dynamic equilibrium between
small saccades programmed towards all directions. In addition,
Munoz and Istvan (1998) have studied in detail the mutual inhib-
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that the activity of neurons in the so-called ﬁxation zone seems to
map a spatial continuum of the parafoveal area in the visual ﬁeld.
In this sense, the ﬁxation–movement competition could also en-
dorse a side-speciﬁc component. Therefore, one could speculate
that the Go-Stop competition is actually translated into a direc-
tional push–pull mechanism in the Superior Colliculus. The relative
prevalence of contraversive microsaccades in correctly inhibited
trials would nicely ﬁt with this view, because they would represent
the lingering trace of the winning pull (inhibitory) mechanism at
the end of the competition.
In any case, we cannot completely rule out the possibility that
the directionally speciﬁc effect we observed was a by-product of
the speciﬁc type of NoGo cue used. For instance, Nieuwenhuis,
Yeung, and Cohen (2003) proposed that the inhibitory mechanisms
in a Go–NoGo paradigm depend, at the physiological level, on the
relative perceptual overlap of the Go and NoGo stimuli. The latter
was maximal in our paradigm, where only the colour distinguished
a NoGo instruction from a Go target. In fact, it would be interesting
to check whether, by dissociating Go-target and NoGo-cue location
(using for instance a central, or even an auditory Stop command),
the asymmetric signature of the inhibitory NoGo-trial after-effect
and of the late microsaccades would persist or vanish. Along these
lines, both behavioural and electrophysiological results (DeJong
et al., 1995; Logan & Irwin, 2000) have previously indicated that
the properties of the inhibitory process can vary a lot with the spe-
ciﬁc details of the stimuli used.
5.4. Readiness to Go is readiness to Stop
The most novel ﬁnding of the present study came from the anal-
ysis of the interaction between the manipulation of target proba-
bility and the inhibitory performance. An enhancement of
expectancy and readiness for action, induced by the probability
manipulation, did not imply a tradeoff for accuracy, as could be ex-
pected. On the contrary, the inhibitory process became more efﬁ-
cient and relatively more successful in cancelling unwanted
movements. The readiness to respond was somehow paralleled
by a readiness to inhibit the response. This result was quite unex-
pected, especially in light of its spatial speciﬁcity, which com-
pletely rules out explanations in terms of varying degrees of
arousal, or alertness. Although it does not question the rise to
threshold model for the Stop signal, it sheds new light on the nat-
ure of the Stop process and seriously questions the hypothesis of
strong contextual independence between Go and Stop processes.
A result that is qualitatively similar to ours has been reported
by van den Wildenberg, van der Molen, and Logan (2002). In a
manual countermanding task it was shown that a reduction in re-
sponse readiness caused a delay in the Stop signal inhibition pro-
cess (i.e. an increase of SSPT). In contrast, outside the domain of
eye movements, Li, Christal, and Mathalon (2005) have found that
an increase of motor readiness led to a lengthening of the inhibi-
tory SSPT and the latter was not correlated with the movement
reaction time across subjects. In this work, motor readiness was af-
fected by introducing a foreperiod (i.e. a warning signal anticipated
the Go signal by a variable amount of time). We can speculate that
this manipulation acts at an early stage of information encoding,
where there is no possibility for an active adjustment of the inhib-
itory mechanisms.
Interestingly, Rolfs and Vitu (2007) have recently shown that
the effect of peripheral visual onsets on saccadic behaviour in a
Gap paradigm is limited in the case of enhanced motor prepara-
tion. Together with the evidence brought up by Paré and Munoz
(1996) that the Gap effect is mainly due to advanced motor prep-
aration rather than to visual-attentional phenomena, this ﬁnding
shares one important aspect with our results on the inhibitory per-formance. Indeed, in both cases an increased motor readiness is
concomitant with a reduced visual capture effect.
Beside the few studies on expectancy and inhibition in the liter-
ature, Hanes and Carpenter (1999) addressed the issue of a change
in Go-latency distribution with a manipulation of the primary
saccadic task in a countermanding paradigm: the saccade target
was made more or less detectable by changing its contrast. This
manipulation resulted, similarly to ours, in a decrease (for high
contrast targets) or increase (for low contrast ones) of Go trial reac-
tion times. They also observed that the percentage of NoGo-es-
capes changed across the two conditions in exactly the same way
that is predicted by the Horse-Race model if the Stop process is un-
changed while the Go process is facilitated or inhibited. More pre-
cisely, subjects failed to inhibit saccadic movements after a Stop
signal more often in the high contrast (and low latency) condition
than in the other one. Correspondingly, SSPT values computed in
the two conditions were not statistically different. A possible
explanation for the discrepancy between our results and those of
Hanes and Carpenter (1999), who did not reveal any modulation
of the Stop process concomitant to the modulation of the Go pro-
cess, is that their manipulation was affecting the component of
saccadic latency which is due to initial perceptual processing,
while our manipulation was likely more effective at the motor
preparation and decisional stages. The sudden onset of a high con-
trast visual stimulus (like the one occurring in Hanes ad Carpen-
ter’s study) elicits an automatic saccadic capture (Theeuwes
et al., 1998), which can easily elude any adjustment of the inhibi-
tory control. At any rate, these results suggest that the simple pic-
ture of a unique, stable probability distribution of Stop signal
ﬁnishing times does not hold for a situation in which a manipula-
tion of probability affects expectancy.
Finally, an alternative interpretation of this ﬁnding is that the
probability-bias effect is actually an attentional effect. In other
words, we might hypothesis that the higher probability of target
occurrence on one side facilitates the initial, attentional compo-
nent of the sensorimotor process leading to the saccade, i.e. the
detection and discrimination of the visual stimulus. In this event,
the probability bias could affect the inhibitory process in a similar
way to the reduction of Stop signal delay in a typical countermand-
ing task, because the perceptual discrimination needed to distin-
guish a NoGo command would be facilitated, thus shortened, by
the availability of attentional resources. Since the process of
acquiring perceptual information (about target colour) affects the
Go process in much the same way as the Stop process, the atten-
tional hypothesis could at once explain the decrease of latency in
Go trials and the decrease of mean SSPt (or more generally, the in-
creased inhibitory performance). This explanation remains to be
tested, although some doubts about its validity can easily be raised
for the fact that Go and NoGo cues were high contrast, well distin-
guishable stimuli and the perceptual advantage due to focused
attention towards the high probability side should not be so rele-
vant in this situation (Reynolds & Chelazzi, 2004). In addition, a
body of literature supports the motor preparation account of the
probability-bias effect on saccades (Basso & Wurtz, 1998;
Carpenter & Williams, 1995; Dorris & Munoz, 1998), rather than
the attentional one.
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